Data presented as mean ± SEM or median (range). *P < 0.05; † P < 0.001. HR, heart rate; PTT, pulse transit time. Articles Walter et al.
Background: Childhood sleep disordered breathing (SDB) presents as isolated respiratory events or episodes of consecutive repetitive events. We hypothesized that the surge in blood pressure (BP) and heart rate (HR) would be greater at the termination of events during episodes of repetitive events than following isolated events. Methods: % change in HR and pulse transit time (PTT; inverse surrogate of BP) were calculated from the last half of an event to: (i) between successive repetitive events; (ii) termination of the last repetitive event; (iii) event termination for isolated events. results: 69% of the children exhibiting both isolated and repetitive events had more repetitive than isolated events. %HR change between repetitive events (27 ± 1%) was greater than at event termination for isolated events (17 ± 1%; P < 0.001). %PTT change at the termination of the last repetitive event (−8 ± 2%) was greater than at the termination of isolated events (−2 ± 2%; P < 0.05). conclusion: Episodes of repetitive respiratory events evoke a greater acute cardiovascular response, including surges in BP and HR between events, than do isolated events. Given that the majority of respiratory events in preschool children occur as repetitive episodes, this finding should be taken into account when assessing the impact of respiratory events for a given child. s leep-disordered breathing (SDB) is a term used to describe both obstructive and central respiratory disturbances during sleep. Obstructive SDB is a common disorder in children especially during the preschool years (1) . In children, obstructive events are usually due to adenotonsillar hypertrophy, which can contribute to the complete or partial obstruction of the upper airway by the enlarged lymphoid tissue during sleep when the respiratory muscles of the upper airway relax and can no longer maintain an open airway (2) . Obstructive SDB forms a continuum of severity ranging from primary snoring to obstructive sleep apnea (OSA).
SDB has been associated with elevated heart rate (HR) and blood pressure (BP) in children (3) (4) (5) (6) (7) . In both adults (8, 9) and children (10, 11) with SDB, obstructive apneas and hypopneas are associated with a decrease in HR and BP during the event followed by a significant surge in HR and BP at event termination. In addition to obstructive respiratory events, adults, children, and neonates can exhibit central apneas during sleep, where there is no, or reduced, brain stem motor output. Central apneas have been described in healthy children during sleep and are known to decrease with age (12, 13) . A similar cardiovascular response is also associated with central apneas in children with SDB (14) . In addition, respiratory events may be associated with hypoxia and arousal, both of which have cardiovascular sequelae, increasing BP, HR, and sympathetic activity (15) (16) (17) (18) . It is thought that the cardiovascular morbidity associated with SDB may in part be a consequence of the repetitive swings in BP and HR associated with respiratory events (for review see ref. (19) ).
During sleep, adults and children with SDB have both isolated respiratory events and episodes of repetitive respiratory events, which can include a combination of both obstructive and central events. Studies in adults have demonstrated that the progression from an individual respiratory event to a cyclic pattern of repetitive respiratory events is induced by a combination of anatomical and neurochemical factors in the control of respiratory drive and effects on the upper airway and chest wall musculature (20) .
Previous studies in adults and children, have only investigated the cardiovascular response to isolated respiratory events (8, 10, 11, 14, 21) and the effect of repetitive events has not been investigated. Therefore, the aims of this study were firstly to quantify the number of repetitive compared to isolated respiratory events and secondly to compare the HR and BP responses at event termination between these, in preschool children with SDB.
RESULTS
Demographic, sleep, and respiratory data for the two groups of children who exhibited just isolated events and those that exhibited both isolated and repetitive events are presented in Table 1 . Twenty-eight children (62%) exhibited both isolated events and episodes of repetitive respiratory events and 17 children exhibited only isolated respiratory events. There were no differences in gender, age or BMI z-score between the groups. The children who exhibited repetitive respiratory events had a significantly higher respiratory disturbance index (P < 0.001), obstructive apnea hypopnea index (P < 0.001), central apnea hypopnea index (P < 0.05), and arousal index (P < 0.05) compared with those who had isolated events only. There were no differences for the other sleep and respiratory parameters, or for the mean HR and pulse transit time (PTT) during wake or any of the sleep stages.
Characteristics of Episodes of Repetitive Respiratory Events
Central apneas were the predominate type of event within repetitive episodes, followed by hypopneas and respiratory event-related arousals (RERAs) (Figure 1a) . Repetitive episodes most often began with a hypopnea (Figure 1b) and the majority of repetitive episodes commenced during N1 sleep, followed by rapid eye movement (REM) (Figure 1c) .
Data for the 28 children who exhibited both episodes of repetitive respiratory events and isolated events are presented in Table 2 . A ratio of the number of events within an episode of repetitive respiratory events to the number of events that were isolated throughout the night for each of the 28 subjects was calculated. Eight children (29%) had a repetitive events/isolated events ratio of less than 1.0, indicating that they had more respiratory events that were isolated than events that were in repetitive episodes. One child had a ratio of 1.0, indicating an equal number of events that were isolated and in repetitive episodes. Nineteen children (69%) had a ratio greater than 1.0, indicating more events that were in repetitive episodes/child than were isolated events/child. For the episodes of repetitive events, the % change in HR from late to between events and from late event to postepisode were significantly higher when compared with the % change in HR from late to postevent in isolated respiratory events (P < 0.001 for both), as shown in Figure 2a . The % change in PTT from late event to postepisode was significantly greater (indicating a greater change in BP) for repetitive episodes when compared with the % change from late to postevents in isolated respiratory events (P < 0.05) (Figure 2b ). There was no difference between % change in PTT from late to between events in repetitive episodes compared with % change from late to postevents in isolated respiratory events.
The Relationship Between Mean HR and PTT, and the Ratio of the Number of Repetitive Respiratory Events to the Number of Isolated Events Per Child During the Sleep Stages
The ratio of repetitive to isolated respiratory events for each child significantly predicted the mean HR, which increased with an increasing proportion of repetitive respiratory events compared with isolated events during N1, N2, REM, and total sleep ( Figure 3 ). There were no relationships between mean PTT and the ratio of repetitive to isolated respiratory events during wake or any sleep stage.
Determinants of Percentage Change in HR and PTT From Lateto Between-Event Phases in Episodes of Repetitive Respiratory Events
Results of the multiple linear regression analysis indicate that during total sleep, the repetitive to isolated events ratio, the number of individual respiratory events per episode, the number of arousals per episode, the ratio of the duration of the respiratory event to the duration of the subsequent between event period, and sleep stage were significantly, if weakly predictive of the % change in HR from the late event phase to between the respiratory events ( Table 3) . The model predicted 44% of the % change in HR from the late event phase to between the respiratory events (P < 0.01). This suggests that the more repetitive events compared with isolated events, the more episodes, the more events and arousals per episode a child has, the higher the surge in HR. In contrast, there is a negative relationship between the surge in HR and sleep stage, suggesting that the HR surge is highest during N1 and decreases during N2, N3, and REM. There is also a weak negative relationship between the surge in HR and the ratio of the duration of an event to the duration of the between event period, suggesting that the closer together the events become the % change in HR is not as great.
Further analyses separating the repetitive respiratory event episodes into the sleep stage in which they occurred demonstrated that when the episodes occurred during N1 sleep, the predictive variables remained the same as for total sleep. When the episodes occurred during N2 or REM sleep, only the number of arousals in the episode predicted the change in HR (r 2 = 0.3, P < 0.01; REM: r 2 = 0.5, P < 0.001). None of the variables were predictive of the late-to between-events percentage change in PTT during any sleep stage.
DISCUSSION SDB is common in preschool aged children and can have significant effects on the cardiovascular system, which are thought to be a consequence of the repeated surges in HR and BP that occur at event termination. In this study, we demonstrate for the first time that episodes of repetitive respiratory events predominate in children and furthermore, are 
Repetitive respiratory events in children
Articles associated with a greater cardiovascular effect than isolated events. We have identified that the surges in HR that occur between successive events within an episode of repetitive events, and at the termination of the episodes, are 8 to 10% higher compared to that following isolated events in the same children. Although not as pronounced, the concurrent changes in BP, indicated by decreased PTT, were also higher. In addition, the mean HR during N1, N2, N3, REM, and total sleep increased with an increasing proportion of repetitive respiratory events compared with isolated events. Our study suggests that it is not only the total number of respiratory events that a child has that is of importance, but also whether they form a repetitive cycle of events, potentiating an accentuated cardiovascular effect.
The mean % change in HR between late-events and successive between-event phases (27%) and also between late-events and the 15 s period following an episode (25%) is significantly higher compared with the late to postevent phase changes that occur following isolated events (17%). This result for isolated respiratory events is similar in magnitude to the surge in HR reported in previous analyses of only isolated events (11) . Also similar to the previous study, the surge in BP at the termination of an event was much smaller compared with HR. Previous studies have identified that both isolated obstructive and central events in children have similar cardiovascular sequelae to isolated obstructive events in adults (10, 14) . The episodes of repetitive respiratory events included in this study, included substantial numbers of central events. These episodes can last for up to 5 min, with some children having numerous such episodes during the night. With a further 8 to 10% increase in the HR surge associated with repetitive respiratory events, which comprise the majority of events, further research is needed to evaluate the effect this has on the cardiovascular health of such young children
It is a common belief that the adverse cardiovascular effects of SDB are in part due to the intermittent hypoxia that characterizes the condition. Rodent models of long-term intermittent hypoxia have demonstrated hypertension and increased sympathetic activity (22) , increased right ventricular systolic pressure, right ventricular mass, neovascularization of distal pulmonary vessels (23), systemic and pulmonary vascular pressure (24, 25) , cardiac hypertrophy, and cardiac and perivascular fibrosis (26) . Previous studies in children have however not found a strong link between arterial desaturation and elevated HR and BP (27) . Similarly in our study, oxygen desaturation Figure 2 . Percentage change in heart rate (a) and pulse transit time (b) from the late-to postepisode (black columns) and late-to between-events (white columns) for episodes of repetitive respiratory events compared with late-to postevent for isolated respiratory events (gray columns). Data presented as mean ± SEM. *P < 0.05; **P < 0.001. during the episodes of repetitive respiratory events was not predictive of an increase in the HR or PTT surge between repetitive respiratory events, which suggests that hypoxia did not play an important role in the increased HR and PTT in these preschool-aged children. Similarly, the effects of arousals on the cardiovascular system have been well documented, demonstrating that arousals are associated with increased HR (28) . While there was a significantly higher arousal index in the children who had repetitive respiratory events compared with those who only had isolated events (17 vs. 14 events/h), this reflects that the children with only isolated events also had fewer respiratory events overall. Furthermore, the number of arousals within a repetitive respiratory event episode was significantly, if weakly predictive of the % change in HR from the late event phase to between the respiratory events, suggesting that the more arousals during an episode, the higher the surge in HR.
Sleep stage was a significant determinant of the HR surge. The majority of episodes occurred during N1 stage sleep. This finding has also been reported in studies of repetitive respiratory events in adults with OSA (29) . It has been hypothesized that at the transition from wake to sleep, several respiratory control mechanisms are down regulated, upper airway dilator and respiratory pump muscle tone is reduced, and there is a reduction in chemosensitivity leading to respiratory instability (29, 30) . Furthermore, hypopneas can be induced when the transition to sleep occurs rapidly and there is a delay in the compensatory response from the chemoreceptors (31) . In accordance with this theory, the majority of episodes in our study began with either a hypopnea or a RERA, and during N1 sleep.
In addition to the effects of hypoxia and arousals, the cardiovascular effects of SDB in adults have been attributed to a number of interrelated pathophysiological responses to respiratory events (32) . Following obstructive apneas and hypopneas, there is an increase in sympathetic activity resulting in peripheral vasoconstriction and increased HR, which persists during the daytime (33) . It has been hypothesized that the increased transmural gradients across the atria, ventricles and aorta, which may disrupt ventricular function and result from changes in intrathoracic pressure during obstructive events, lead to autonomic and hemodynamic instability (32) . OSA has been associated with impaired right and left ventricular function in adults (34) , and similarly, children with OSA have been identified with left ventricular hypertrophy and cardiac remodeling (6,7). Studies have not been conducted to determine the effect of repetitive changes in intrathoracic pressure when there are a large number of respiratory events that are occurring close together, on autonomic and hemodynamic instability. Our findings indicate greater hemodynamic instability during repetitive events in preschool-aged children compared with isolated events. However, we did not investigate autonomic function and future research is required to elucidate the effect of repetitive respiratory events on autonomic function.
We acknowledge that this study had limitations. Data from a relatively small number of children were analyzed for this study and confirmation of the findings in a larger cohort of children is needed. A further limitation of the study, was that PTT is a surrogate measure of BP change and therefore may not reflect true mean systolic BP values. Additionally, due to the invasive nature of its measurement, sympathetic activity at respiratory event termination was not able to be obtained. These would have complemented our data and increased our understanding of the cardiovascular sequelae to repetitive respiratory events in children.
Conclusions
This study has identified that respiratory events in preschool children with SDB most commonly occur in episodes of repetitive events, rather than isolated events. The cardiovascular sequelae of episodes of repetitive respiratory events are significantly more pronounced than those of isolated events. These findings highlight that the temporal nature of respiratory events should be taken into consideration when the clinical assessment of SDB severity is being made.
METHODS
Ethical approval for this project was granted by the Monash Health and Monash University Human Research Ethics Committees. Written informed consent was obtained from parents and verbal assent from the children after a full explanation of the procedure. There was no monetary incentive for participation.
Subjects
In the present study, we analyzed the overnight polysomnography (PSG) recordings of 45 children (3-5 y) diagnosed with SDB (obstructive apnea hypopnea index (OAHI) > 1). This study represents baseline data for children who returned for a follow-up study investigating the effects of treatment on preschool children with SDB. Children who were born preterm, or with conditions or taking medications known to affect sleep, breathing, BP, or neurocognitive function were not recruited.
Protocol
At the time of the PSG, children were otherwise healthy and not undergoing treatment with either nasal steroids, leukotriene receptor antagonists or antibiotics. Prior to the PSG, height and weight were measured and converted to a BMI z-score to adjust for gender and age (35) .
Polysomnography
Overnight PSG was performed according to a previously published protocol (11) . In brief, electrophysiological signals were recorded (36, 37) . Modification consisted of the inclusion of RERA associated with arousal or desaturation into the OAHI. As the AASM 2007 rules resulted in a lower OAHI and lesser OSA severity compared with the previous rules used in our laboratory, inclusion of RERAs leads to a comparable OAHI to the updated AASM rules in 2012 (37) . RERAs were scored where there was a discernible decrease in amplitude and flattening of the nasal pressure trace, associated with snoring, noisy breathing, elevation of the end-tidal or transcutaneous pCO 2 and/or visual evidence of increased work of breathing, leading to an arousal from sleep and/or ≥ 3% desaturation.
Variables calculated from the PSG according to previously published definitions (5, 11, 38) , were the respiratory disturbance index, OAHI, central apnea hypopnea index, wake after sleep onset, total sleep time, arousal index, and the number of times the SpO 2 dropped by ≥ 4% per h total sleep time (ODI4).
An episode of repetitive respiratory events was defined as two or more respiratory events that occurred within 25 s of the preceding event. As there has been no previous definition this time was chosen as it was considered the minimum time allowable between isolated events in previous studies (10, 11) . The episodes of repetitive respiratory events included both obstructive and central events, as previous studies in children have identified similar HR and BP responses to isolated obstructive and central events (10, 14) .
Data Analysis
All PSG data were transferred via European Data Format to specialized data analysis software (LabChart 7.2, ADInstruments, Sydney, Australia). Thirty second epochs containing wake after sleep onset were excluded, together with epochs containing manually identified movement artifact including gross body movements affecting all PSG channels or artifact isolated to electrocardiogram or PPG signals. PTT and HR data for total sleep were then grouped according to sleep stage (Wake, N1, N2, N3, REM) and a mean value for each subject calculated. We examined the types of events which made up the repetitive respiratory episodes (obstructive apneas, hypopneas, RERAs, central apneas, and mixed apneas) and the sleep stages in which they occurred.
PTT Analysis
PTT was calculated as a surrogate measure of BP change, using a previously published method (5) . This has been shown to have good agreement with direct measurements of BP change using photoplethysmography (39) . The peak of the electrocardiogram R-wave and the 50% point of the height of the corresponding pulse wave, were identified by peak detection for each beat in LabChart. PTT was calculated as the time delay between those two points. An average value was calculated for each 30 s epoch during sleep, which was normalized to that child's mean PTT during restful wake prior to sleep onset.
Beat-By-Beat PTT and HR Analysis
To compare the effects of repetitive respiratory events compared to isolated events the data for the 28 children who exhibited both episodes of repetitive respiratory events and isolated events were examined. Beat-by-beat HR and PTT were analyzed as previously described (11) . Events were averaged for two phases during each apnea/hypopnea and were termed early-event (first half) and lateevent (second half) (10, 11, 14) . Division of the event as such allowed for comparison of data between events of differing durations. The characteristics associated with each event were recorded, including sleep stage (N1, N2, N3, and REM) in which it occurred, arousal (arousal or no arousal), event type (obstructive apnea, hypopnea or RERA, central apnea, mixed apnea), and oxygen desaturation>4% (desaturation, no desaturation) and event length. Prior to each episode of repetitive respiratory events, a 10 s baseline of stable HR and PTT was identified within the same sleep stage as the event. Within each episode of repetitive events, each individual respiratory event was divided into early-and late-phase and the mean of the three consecutive beats at HR peak or PTT trough for the period between consecutive events was calculated. This was chosen as previous studies in children have determined that the most significant percentage change in HR and BP occurred between the late-and postevent phases of isolated respiratory events (10, 11, 14) . Following the final respiratory event of the episode, the postepisode phase was identified as being the 15 s following the last event and the mean of the three consecutive beats at HR peak or PTT trough for this phase was calculated. A similar technique was used for isolated events.
Statistical Analyses
Statistical analysis was performed using SPSS (version 20.0, IL). Data were first tested for normality and equal variance. For the whole cohort, demographic, sleep, and respiratory parameters were compared between the children who exhibited episodes of repetitive respiratory events and those who exhibited isolated events only, using Mann-Whitney U-tests. In the group of 28 children who exhibited both isolated and repetitive events, the % change in HR and PTT from the late event phase to between successive events and from the late event phase to the postepisode phase in episodes of repetitive events, was compared with the late to postevent phase in isolated events using Student's t-tests. A ratio of the number of events within an episode of repetitive respiratory events to the number of events that were isolated throughout the night for each subject was calculated and linear regression was used to determine whether this ratio predicted changes in mean HR and PTT for each subject during wake, N1, N2, N3, REM, and total sleep.
To determine the factors affecting the late-to-between events % change in HR and PTT, forward stepwise multiple linear regression was performed using the following independent variables: the number of episodes of repetitive respiratory events, the ratio of repetitive to isolated respiratory events, the duration of the episodes, the duration of the events within the episode, the number of arousals associated with events within the episode, the number of oxygen desaturations ≥ 4% associated with events within the episode, sleep stage and the ratio of event duration to the subsequent between event duration. P ≤ 0.05 was considered significant.
